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MATRIX SUBSTRATE FOR A VIABLE BODY TISSUE-DERIVED 
PROSTHESIS AND METHO D FOR MAKTyQ THE SAMR 

FIELD OF THE TWVRWTTn w 
This invention relates to a process for treating 
5 body tissues such as vascular structures to remove 
,: Carriers to receliularizatiph by autologous or allogeneic 
: cells before and after implantation in a human host. 
.; ; . More particularly, ; the : invention relates to enzyme-based 

removal of : antigen-bearing cell membranes, and -other 
10 remnants from body tissues such as aortic heart valves^ 
This provides a potentially non-antigenic collagen- and 
eiastin-containing matrix with reduced calcification " 
, Potent ial and improved capaci ty for recellulari zation. 



15 



BACKGROUND 1 OP THE TMVF.MTTOKr . 

; -^ rre ^ tl y ■ avai : lable:;prbs 

valves and; other vascular-; structures" ■ 
^^.J^assif ied; ^sV ;meehahiGai br ybioprpstheticB^^. 
f> " ech anica; ?tru;ctureS;' : 's : uch- : : #s : : ; ]heaft:,vaives^are:- 
'.. :f *? kn -H^^f from biSdom^atibie -.metals"^*^ 
20 materials' such as. Silastic®^ graphite/ titanium^ ; ; " 
Dacron® , ^Although mecha^ic^l valves; have the advantage 
of proven durability in decades -of use> "they frequently 
\ are associated with a high incidence of blood clotting on 
° r : ar ° un ^ : fc he : va ^ ve •; ;=an lead vto ; acute or subacute ' 

r: 2 -^^° su f ^ • ' ;: -7. Por this reasoii,:. patient s ; with . i . 

•-•^ 

;:X : tv H ^ or :. a ^; Ip^S'. as : the valve: remains implanted /M 
;; : ; -:;;|::^ti^o^gulantS : ; are ; inconvenient . to take, - and/ -impar^a' ^3-5;%:/- 
: ;;T^; : . ; a^ua;l-;r.isk of .-s 

. 3 ^: ': : ; : i Bi ?P^°Sthet;ic . Vpvisv were : introduced; Jn^ : ' : 
, ; :C 19 ^°' S : and are typically 1 derived from pig aortic valves i : 
: . : or are manufactured from other biological materials such 
;v as v bovine pericardium. Xenograft heart .valves invariably : 
■are tanned in glutaraldehyde prior to implantation; a. 
35 major rationale for the use of autologous or heterologous 
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biological material for heart valves is that the profile 
and surface characteristics of this material are optimal 
for laminar, nonturbulent blood flow. The result is that 
intravascular clotting is less likely to occur than with 
5 mechanical valves , This concept: has been proven; in; ; , : 
clinical : use with the well -documented reduced v : : 
thrombogenicity of current versions of glutaraldehyde r ; 
fixed bioprpsthetic valves . 

Unfortunately all such valves are limited by the 
10 tendency to fail, often cat as trophical ly , beginning about 
. T years af ter : implaritat ion ./] Few blopros^het^c-. valves-:. 
remain functional after 12 years. : Valve degeneratibn,:is . v 
particularly rapid in the young and ^3ur irig pregnancy. . 
"■: Replacement of a degenerating valve prosthesis is 
15 particularly hazardous in the elderly and in situations 
, of emergency replacement . As a conseo^ence , ; there are ; 
.. f ew real indications and many , cpntraaLhdications to. the . 
use of bibprosthetic valves ZZ;--. . 

: '' ri'eaiiy-, solving the problem of bibpros thetiii ' V 
2 o valve degeneration would be highly desirable. 

Calcificatibn appears to be the primary insult leading to : 
"VI ^.degeneration Z Ef f ort s to ;; address the ealcif ;icat io;n;, : . ' > 
Vp1^biem : liave glutaraldehyde-|ix^d;: : v 

: . : : ® b ^ ium V^ ; V :' ■. : ^ 

25 dodecyi ; sulfate and diphosphonate to reduce calcium y, :? ^: : 
nucleation. 7 However, these efforts : have been 
". unsuccessful in vivo. Other approaches include removal 
r-Vcjf ;; : reac tlye glut ar aldehyde moiet^W^from ..the^t^ssue;- fe^g . 
'.JcheSc^ '"Still, other:* appr^ches ^hsyif^^ 

;lq\ ; ;de^S 

..evidence suggests that the fixation process ;itself7. ; ;. ; 
. contributes to calcificatibn and mechanical 

deterioratipn, finally, ; since- nohvia^^ ce^ls, present in 
. ':' ;.transpl^hted tissue are.; sites,;, for calcium deposition, 
" 35 various processes have been developed to remove cells 
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from the valve matrix prior to implantation. Most of 
these processes appear to reduce calcification in animal 
models in short-term use, but clinical data are not yet 
available. 

5 Another major disadvantage to bioprosthetic 

/ devices is the failure of such devices to be self:-. \ 
maintaining. Neither cadaveric allografts. nor 
glutaraldehyde- fixed xenografts have significant 
populations of viable cells, and glutaraldehyde is highly 
: ■ 10 Cy1;otoxic - ; : Since viable cells in ' the valve provide^v. 

aSaiiist =. '-^He . jLiiftiiaiaLt ±oii of calcium, it is 
' lik ® I y . tiri ^ t any devitalized bioprosthesiS ^ili ; undergo \ • 
■ ■ ■ r^^^^v-^^Sf^ - Hence it Is^es^entikl^ /tp: ; :the /^d 
: development of :^ device^ that;;it- 7 

15v: support; ingrowth .andv colorii zat ion of ^eils-iV-f^m^the : ' : y-- 
: host during the pericd' after implantation, 2)Ufion, ; 

aUtpI °¥ Us i or all °9 ene ^ c ; sources before "implantation, :. .. 
e -9; 'V d !^ rin 9 a Period; of in vitro culture prior to 
. : ^Plantation, or 3 ) from both the host after implantat ion 
20 . ^ flCv{v ^^ >ixs \ f° urces Prior t 9 . implantation. 

a * r *°-?. .^ergent s and nueleas^s : hay used Iii • 

:;' ; ;.;^^. as ; pp^afcip!^ ."ife^rgent 7." ■ 

vd^featn^ht/of- ;a : glut araid|nyde^ fixed body ' structure l-i s/ S?.? 
25 disclpsed in D,S. Pat. Np- :: 4, 323,358 as a method for V t 

retarding mineralization: after implantation! • 
:■ Decellularizat ; ion ,° f .unfixed, untreated body structures . 
by : d ^ ter 9 ent methods is disclosed in U. S. Pat., No . 4- 
• :.-; :,y^:' : : : ?" > as a . : • m eans ; f or. producing a substrate: f br? bell • ^J; 

producing sterile:: body implants. ; U.S. Pat . No- :4^ : 776 -853 ; ;'' 
discip ses a sp^bif ic process Vfpr achieving ' ' " ; f •= 

. ' of '^oriipnic/ and; Ir.-?:. 

:=/■.: anionic de tergent s ,\ teo^M^clea^" ( DNAse ) '■ 'and': ' V --'^ 
35 ribchuc lease (RNAse ). 
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The field of tissue and organ transplantation is 
growing rapidly as a result of a number of advances in 
the areas of organ preservation, surgical techniques, and 
immunosuppressive agents . As a result, shortages of . 
5 implantable material are often the major obstacle in the. 
use of bioprosthetic implants. As used herein, the term 
"autologous 11 refers to cells, . tissues or other biological 

; ■ structures derived f romv the same individual designated to ;: 
receive the implant. The term "allogeneic V refers to 

10 cells, tissues or other biological structures taken from 
other members of the same species . The term; ,, xenogeneic ,, 
refers to cells, ;t 

taken from a mender of :; a species other than the .spec^esH-;.-.--!- 
■■■■":^*'"\bf ; " the individual v teCe iying the implant . 
15 s hor t age s 6 f i e ma t er i al s for human 

• patients are : paftic^^ valves, ' . where 
autologous structures such as the pulmonic valve can only 

■ inf requently' : be :: : : us ed -^as a source of . : repl acement ; : -ma^^ia,l : ; ; v- 
and allogeneic in^lantable materials are limited . - 
• : V 20 Improved methods : -o£;^c 

number of avail^ implants . - ".v;;- 

Extending the use of \ c^ppreservation^ to xenogeneic body 
^'sdurces: : -is':"^ Patent 5 , 33£ ; v : j5 ^ : S :: ^a^- 

: : patent describes : a method for processing and p 
• :' 25y acellular coli^geri-ba^ed- tissue .m^tirixOf or;. •:' ; .q:.' : 

• v : t'ransplantat ; ibn that : i^elud^s .' a detergent-bas^d 

deceliuiairizat^ 

cryopreservation and dehydration^ 
: • tissue is i allogeneic 

:: - : ' ■ ' "3 9 \ cells 1 ;: • ■ ; ■■ ."V. ".. ;;\; : :^: : ^^;:"L .". . "• "■: : ' 

A humbe r 6 f fs pe c if ic ccpndit ions that af f ect use of 

7 xenogeneic mat er ial f or heart yalve implantation have yet 

; to be. fully £ddr£ssed , These include: t exact ing : . •• 

requirements for mechanical integrity in short- and long- : 

35 term use; ; as uhs chedui ed f r e£l aberhen t : of these structures; :: 
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is difficult and risky. Long-term durability is affected 
not only by the harvesting and decellularization 
processes, but by the ability of cells to enter and carry 
out maintenance functions in the implanted tissue. That 
5 viable cells are an essential determinant of valve 

survival is clear from:: longitudinal studies in allograft 
recipients .; In these studies, proper allograft : 
preservation can maximize the number of viable cells" 
\. remaining in the tissue as determihed by matrix protein:? 
10 synthesis . Preservation techniques ^hat do not promote ■ :: ' 
■ Cel1 su ^ v * i '- such . lc5n 9 term storage* at 4° c, are 
asspciatec* wit:h: reduced . in 'vivo ' v dvai^ili'£y: -it^ ihcreased-:"-: 
reb£e'ra'ti'oh : 'r^^ 

The repopulation of matrix by contiguous cells in 
: 15 thS host ' ■ or b y .inoculated autologous or allogeneic cells 
. '} in tissue: cultur^, ::can be critical to; development of Jl^;'-: 
• • successful implant . In; turn , : :th? ' characteristic 
matrix ; can be : cf i t i c ai to the repopuiatibn; ' ; . .. 
• ;. i". Porv example^ . f ailure 'to/''-'' 
20 effectively reduce the dense cellularity of the; donor ;L 
. *° rtic 5 oot is like ly to be a .significant c^acle^toSv": 

cell ingrowth, due to t he physi cal barrier created by "theY* 
V ^ r - hi .^ -tne;; root , -or:ftp- ..tffi ef f ^cty: 6f v'-PC^ 

} ' ■ ^^^inhibitip^^ 
? 5 the remaining iri situ : donor r?f>1 is 

■ prev ious^y described piroces^ have beeri 

developed and tested with the goals of reducing 
' ••• antigenicity and ,;mlner^liz^tion pf :V the • xenograft > ; : . ; put:;v??: 
■ • -have., dealt . °nly . incident^ 
30? receliularizatipn . • >ihys^-.^ If.- 
' d eceilularizatioh and 'the ability pf; the decellularizid'^^ 

matrix to support ingrowth by autologous or allogeneic 
. cells remains to be demp^stratid.- Moreover , the physical 
:J. constraints 1 imposed byv . tM ■ me t^ • 
35 not been considered; in - 'how host ' cell's ■•'maY '^':> 
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migrate into and depopulate a decellularized matrix 
following implantation. For example , methods of, 
implantation may include use of a Dacron® sewing ring in 
the case of xenograft heart valves, or freehand 
5 attachment via the root structure in the case of 

allogeneic heart valves/ Each of these V methods present s 
;: .'.v\- distinctive challenges for obtaining: adequate 

• fed e 1 lular i z a t i oh of the decellularized m^ r.The.: 

• '. methods : disclosed herein provide a useful substrate for 
yM^r id ing row t h ' byyhostv cells following implantatip due to J : 

enhanced removal of • cells from the hbs t /gr^ 

V: SUMMARY OF THE INVENT I ON 
The invent ion inc lude s a method : of : deceliulari? irig : ; : : ,. ;: . : 
-4r a body t i s sue to form an : extracellular matrix 1^ 
= =¥M^ substantially -intact' collagen and : .^l^st in components , . 

where the matrix is capable ' of ' being r^ . : ',y,, 
ty-\.::' ; / : vitro or in vivo; : The . method . compr i s e s sub j e c t ing the ^■■■■'W. 

body tissue to a hypotonic/hypertonic: treatment, then 
' . ' ' • t re a ting t h^bbdy ; tissue with an enzyme - ba sed s o lu t ion 
■ 20 compr i s ing ix^ andi ■ debxyriboiiucleasf •• The 

hypotonic^ se sequential 

incubation of the body tissue in a hypotonic solution and 
' "=Tthen in a hypertonic ' solution; alternatively^ 

• hypotdnic/hypertohiQ treatment : mayyc^ ;y 
;f^V 2 5; ihdubat ion :: pif ■ the : body tissue i^:^ solut ion: : : 

arid then in a Hyp>otonic soluti^ 

; • Tte body tissue may comprise vascular tissue , for 
example^ 

Inclucie ' ^;; : ptbt^ase" : lri aiddi tibn to ; the lipase; .and-:.^^ 
... ; "3 0 :; deo^rto V '[ { The ' . pro t:e a s e "^ : may : : . cpri^ir i k £ ; 7 : -|t - tVP? ^ ^ ^ " : : ^ 

• more phospholipases selected from the group consist ing of 
: • phdsphbl ipase ;A 2 ,.- phospholipase •''•^rid'phosphoiipase • 

v ':v''^:- : -The : en comprise 
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ribpnuclease . 

After the enzyme -treatment described above, the 
body tissue can be washed in a buffered salt solution 
lacking calcium and magnesium and containing a chelating 
5 ligand and then stored in a buffered salt solution .that 
lacks* calcium, magnesium and a chelating ligand. These 
buffered salt solutions, as well as the solutions used/ 
for the hypotonic/hypertonic treatment, may include 
. antioxidant and a protease inhibitor. 
10 . The invention also includes a method for 

recellularizing a bioprosthetic implant, comprising 
contacting an extracellular matrix, prepared as- described 
■ abo - e r with cells » and maintaining the cell S : ; aiid::the: 
' ext ^^^^i^r:- matrix ' together'^nl vitro : • ; ' 

: . : . ;: v ; ; : , .The,, invention further includes a bioprosthetic ^ 
:^fe nt : - 6 ^^sing an extracellular' Mtrix; -having ' 
^ St ^ lt ^ 1 : 1 ^ ^ ntact ' collagen and: :^as; t in : Pompoheht i ; : ^ ■ 
T ^e mat rix;: is forced by sub j ecti^^ax body tissue ; tp^a? 
^tt^te/^^txmic treatment- W-de^ 

^ r6 ^"? : fc * ssue "It* ?n ehz^e^based Solu^ionM ; 

' • , ' c ^pr4^in9. lipase ;. and- deoxyribpnuciease | ■■':■[ ■: 

; :body tissue used to; fprmrthe [ extr^cellular-y**'' 
matrix °* the bioprosthetic implant may comprise vascular 
. ■ : -:{ tissue :-i:^\ example a; heart valve. . The enzyme-based J 
25 splution :mly include a protease in laddit ion to the lipaset 
; . a nd deoxyribonuclease . The protease^may comprise trypsin" 
: . and the lipase may comprise phosphoiipase , for example 
- on e or more phospholipases selected from- t 
consisting; of phosphoiipase A 2 , phosphoiipase C> and 
phosphoiipase D. -The enzyme-based solution; may further / VV 
. , : . comprise ribonuclease ; ; 

V^. " : A ^ r -? the enzyme-treatment described above, the 
• ,^ 0dy .... i:i : S ' S ' Ue can be washed- in ^buffered salt /solution' :^ 
^^?:^" lc f u 5 and magnesium and containing a chelating 
35 1:L 3 a nd -and: then .stored in a . buffered/ salt.. *soiutibnUhat\ : .' 
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lacks calcium; magnesium and a chelating ligand. These 
buffered salt solutions, as well as the solutions used 
for the hypotonic/hypertonic treatment, may include an 
antioxidant and a protease inhibitor. 
5 The invention further comprises a bioprosthetic 

implant comprising an extracellular matrix that includes 
living cells. To form such a recellularized 
bioprosthetic implant;: cells are added to the matrix 
following t^ treatment ' ; f or - ■ 

10 example by combining the cells with the extracellular 

matrix:: in^j^l^v -"v- • 

In situatibns wherie t he body t i s sue i s a he ^r t 
valve including a root : and/or ascend 

present invention provides root and ascending : 

15 aortic Wall : are: operative^ f ollpwing t;he 
enzyme treatment^ 

root are suf f iciently : dece^ to permit 

usef ul recell^ or ' in vivo , 

: . RR IE F PES CRT PT I ON QF TtiE '^l^ffi^ 

20 ••••• Figure 1 is a 1 i^ht ihicrogr ap d f ; a Mpy a t 

Pent achrbm^- stained of a . normal, v/'^ntreated^ 

• porcine aort ic yal ve leaflet. 
//BarV == 100/xm. 

Figure 2 is ^ 
25 valve': leaflet 

process of the pre sen (see Example 2 , fallow) . : 

' •'• Bar = : 200/xm: : . : ■ " [ ::\-':\ ■ . ; . ":. 

Figure 3 is • a 1 i ght v micrograph of : a pqr c ine: aort i c 
O"" : : val : \re- ; le af iet a t. : v'i ts ; -. i lrise irt ion into : ' the; ;:.a b.rfic;v;waill : . = 
3d decellularized: ^ of Example 2 , below. Bar = :; 

400^111;. . ; - : . : V V V ; 

: Figure 4 is ;^1 
valve leaf let debe^ a phospholipase -based 
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process of the present invention and recellularized by 
incubation with human arterial endothelial cells for 2 
days . Bar = 100/xm. 

Figure 5 is a higher magnification light ; : 
micrograph of a 1 micron section of a leaflet processed 
as in ; Figure 4, showing attached endothelial cells . Bar 1 : 
= 50/im. 

Figure 6 is a transmission electron micrograph of: 
a portion of a rat cardiac fibroblast seeded onto a . .; 
porcine matrix as prepared in Example 1. Bar = •••i/ini^.-: 

Figure 7 is a transmission electron micrograph at 
higher magnification of a portion of the same fibroblast 
in Figure 6 , : showing attachment -and spreading : : Barvv^ 



■■ ■ 15 • • ■ DETAILED DESCRIPTION OF THE INVENTION .;; ./. 

• The present invention covers a process "th^t-:- 
^^^ly; remove s int ac t cells from body tdssues-='^uch- -a^"- '-^^ffiv^ 
• : ; vascular strnac - porcine •' heart : " valve arid 

"A : r — t - t ^ c tuir€i • • T^ e Process includes use of an enzyme-^^ 
.•; 20 based solution and lipolytic actibny"::-:--:- 

leaving ; poll and elastirii:f i^ substantially ^irita^t ; 

..L.^ invention results in-- enhanced: ^removal::;;;: 

• : ? ? : c e lis from y a *s c:u 1 ar structures, -in; particular the ; f;':"- 
densely f ibrous -annulus;^^ root; of -.a • hea^ 

■ ■ 25 ::y a ^Ve ; .r : ..;This^ : ai t he in - migr a t i on of cells ;: for ' ' / ^-ivr 

:examplei host; cells^^i^^ contact with -the outer surf ace; of : ' 
: an ; i^l^nt:ed : . : heart- ^ly^^The^ 

: important zone at the . base of the leaf let , where th<* 

30 a ^ rtic root is thickest, while preserving eiastiri. : .;artd-/;- 
. collagen / • ■ ■"• ' ;r - - - V" y ■ 

. ; Studies utilizing light and transmission electron : : ; 
microscopy reveal that the process results in ef f ective^ • ; : 
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removal of intact cells (see Examples 1 and 2 and Figures 
2 and 3). Biochemical assays demonstrate extraction of 
approximately 90% of potentially antigenic cytoplasmic 
and soluble protein components (see Example 1, below) • A 
5 matrix prepared using the methods of the present 

ihVeht iori proy ides a^ suitable substrate f or attaqh^ of 
both fibroblast and endothelial cells. 

In some cases, it may be desirable to store the 
intact vascular structure prior to the decellul arization 
10 -grpce^ 

procurement may not coincide with optimal timing for 
decellulatizat ion . - ; . It is important ; to be able to store 
f reshly ha^est 
. .'.extended V p : eriqds : : o f warm or cb Id vise hem i a a s ; the-- latter :.• 
15 - .may - result;.- in the leakage of de s t rue t iy e ^rizione s irid 
chemicals from dying cells in the tissue and subsequent 
compromise vi of trie chani cal integrity,: 1 1 is likely that . 
procurement: i 
• : kne^ yar iabil ity in the quality :of 
20 material . Consequently, the : freshly ha 

incubated in a cryopreservat ion solution if it is not to 
be decellularized immediately. This cryopirotectant 
sbititiori; contains one or more physiologid ; buff er3; :: : : 
: : ; ; : , : ,y including but not limite bicarbonate , amino 

25/ acids, non-penetrating cryoprotectant serum components, 
'.'.yrpH indicator dye and a cell penetrating cryoprotectant , 
:■; ^prei erabiy: dimethylsulf oxide . ; This p^ 

appear tp: signifies 
; ;; matr^^^ 

: 3dH : ' : .; : ^ : ':'- ; '^ Glutarald^ step 
v ::7 "' • .in t fce p r ep ar a t i on : and preserve Xenograft heart ;v.- ; : ; ; : 

valves and other implant materials, . as it provide*?., 
.antigenic masking as well as sterilization. However, 
this ; treatment impairs 1 the mechanical properties' .^ 
35 -valve and may contribute! to mineral izat ion of the tissue^.; 
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after implantation. As an alternative to glutaraldehyde 
treatment for. sterilizing the tissue after 
decellularization, the matrix may be given a post- V 
processing .exposure to gamma or other irradiation 
5 SOUrpeS ' A doSe of 25 Kgray has been determined ^ to be : 
: sufficient, for, sterilization - without ; apparent, compromised 

°^ thS i - Ce9 - lt: ^ ° f the nat ±ve col lagen/e las t in matrix. 
V. Sterilization by this means allows the decellularized 
. matrix to be placed in tissue culture with or without .-■ '.V 
^"^S^^ : to .. allow attachment of desired allogeneic or 
-;V;;.; a ^^%90 u s ; : cellular components.; Such a matrix can be " 
Htv ^Wfe ^ ohi ?^ ^y .'both : ;f ibrpb^sHi-'Md; endothelial :. .' 
■a.--I.i::A,?¥^ s ' as well as ..other .. cell . ty^e^-':':':-:::^ 

;: The invent; ion ; can be used ; : :.to: :: iire>are -Jk] prosthetic : 
7;\;.- : : ^^ patients^;.. S^arti'dul^A' 

patients with symptoms of acute or chronic vascular ' 
■ :E :" ' insuf ? ici ency or stenosis resulting from congenital or 
ad ^ired valve defects, infection, degeneration, or 
failure of - a previously implanted vascular prosthesis can 
^?lte$f ? r °? i(i : e(i implants prepared by the methods of ; the , . 
v^presehtv; |nyentloiv. i : -^^£^^citiqa is .illustrated Iwith 1 

v.; the methods of the present i^V^a0P^i^r¥' ^hkxlkiiy A ' 
25 applicable to a body tissue having an extracellular 

matrix of collagen and elastin that is colonized with 
; . living cells. . .. • . .' . • • ' . . 

In one embodiment , porcine heart valves or other 
• :; 1 ^^^^^^^M^^ obtained immediatelyvafter J ^ 

;.v^ :3:a: - s BW^ 

to about. 48 hours with refrigeratiph : to 4?C. If valves 
are to b f h ^ ?rv ^ sted ', they sire trimmed ; from the heart. £ 
Th e. valve or . other vascular structure preferably is . • 
. 35 washed in ice-cold normal; valine and transferred to a 7-^ 
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decellularization solution for further processing. 
Alternatively, after a 30-miriute incubation in a 
cryoprotectant solution, the tissue is frozen at -20°C 
and stored until needed. 
5 The tissue then may be placed in a series of 

decellularization solutions including : 
A. A hypotonic solution comprising a buffer, a 

chelating ligand, antibiotics such as anti-bacterial 
and/or ant if vihgal agents , a protease inhibitor; - ^.^VY;vp^::.v^ : : 
. 10 antioxidant. ' Preferably th^ /buf f er i s lOmM ' Tr i £ ■ ■ HCL «, : ipH^ • -v . • . 
8.0 ±0.5. The chelating ligand may be any ion chelator . 
that functions to provide (enzyme . in hibition '-\-:v 

■ Preferably the: chelating ligand is 5mM 

^thylenediamih^^ (EDTA) . . ;. Antibiotl^.in^ 

15 include, without limit at idii , one or . more of hepmyciri ; 
streptomycin, peniciilin> ^^ntamicin^ 
Protease inhibitors m include, without limitation , one 
or more of apra • • 

phehy • " Preferably 1^^ - 

2Q protease inhibitor is PMSF . : The antioxidant may; be';; : apy; ; ; v ;; ::- 

■ : including but not - I hydroxyanisciie V 

: - '^i^ hydro^tqlue^ 
;;.; : "^copherM ; -- and ascorbaUv : ; : T the antioxidant^ .is 

'., ■ 25 BHA ; at : a concent-rat ion :pf ^Q;..! tnM. >. 

•r- ■ B : VA hypertonic saline solution p^ 
' : -,v a buf f er , a chelating iiga^^ P^ot^a^e V 

• '^V:; : ; -inhibitors', and : : an t iox i dan t as ; above .;• -V Pre f e r ab ly t: he 
: ! ; M' hypertonic sal irie solution contains 1M NaCl;: with 
3X) EDTA as chelat ing 1 igand . v The purpose of the hypertonic ::-;-; : - : :;^ 
. ; treatment; is to assist in .the. disruption : pf;; ; ceii^ and ; to'..-.:,..-^ 
loosen, cell-matrix attachments throughout the . tissue;. 



NOTE: Incubation in solutions A and B above Constitutes 
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a hypotonic/hypertonic treatment of the body tissue. The 
treatment of a selected body tissue such as a vascular 
structure with a hypotonic solution and a hypertonic 
solution assists in cell rupture and facilitates 
5 subsequent enzyme digestion and dissolution of cell 
. membranes, and intracellular materials . As used herein, 
:the term "hypotonic/hypertonic treatment'' includes 
incubation in a hypotonic solution : followed by incubation 
, ^ a hypertonic: solution or, alternatively; incubation in 
10 a hypertonic solution followed by incubation in a 
hypotonic solution. 



V c - : A wash solution : comprising a buffered 
■ ' Physiological salt solution , pH 7.4+0.2 , supplemented 
i?K ':: with calcium and magnesium . Preferably the buffer is a 
15 biplpgical: ; buf fer such as N- [2 -Hydrpxyethyl] piperazihe- i 
N' - f 2 -ethanesulf bnic acid] (HEPES) . Preferably the 
; calcium is ImM calcium, the magnesium is imM magnesium. 
The wash solution may, contain antibiotics if necessary to 
maintain sterili ty . Antibiotics may include , without : , 
20 limitation,; neomycin,: streptomycin^^^ 
gent amicih ^ and Amphotericin B ^ : 



' fnzy^e -based solution • containing protease, 

lipase : deoxyribonuclease and f urther ; contaihing\^ : v 
;'^^ 6ti 0s Preferably the protease: is/'trypsiivfv ! -;:-y 
. :25:.. Preferably the ;lijpase} : cp^rise.s'. • a ■ plurality of : 
;":,:. : phosphbl ipases , ;■ each pfVwhich at talks' ' a: ..di f f i'r^htTtype --df' 
; ;: 1 4P id bbnpih ;the;;::biplogical ''ceilf me^rafteV-^ 
:: pr^f erably j:^e 

;■ rfollowiiig.; ■ phosphblipase A 2 , ;--php^hoiipase' : /<: : ' : aM ' l : - . 
30 phpsphpl ipase D . The depxyribonuclease lay'beV fc&V;"^ 
/example.,:;, deo^ribonuc-lease --^ 

f or example RNase A, may be included in the enzyme -based 
. solution, with- deoxyribonuciease to facilitate digestibh : 
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of nucleic acids. Antibiotics may include, without 
limitation, neomycin, streptomycin, penicillin, 
gentamicin, and Amphotericin B . 

In an alternative embodiment, protease (e.g. , trypsin) 
5 may be omitted from the enzyme-based solution. 

E. A wash solution cons i s t ing of a buf f ered 

; physiological salt solution without calcium or magnesium, 
V arid further con t a i n ing a che 1 ia t ing ligarid, an 

ant i ox idant , and a p rotease inhibito r . Pre ferabl y the ; .' 
10 buf f er is 10 nU^ HEPES> the- c 

the ahtioxida:nt is 0 . 2mM ; and the protease;: inhibitor : : 
: is: :l/iiyi: PMSF . The wash ; sblutibri Vi^ bori t a i n : ari t ibio t i c s 
if rie: c e s sary to maintain ste^ 
include, wi t hou t 1 imi t a t i on > neomy c in > s tr ep t omy cin , 
15: penicillin, gentamicin ; arid / Ampho t er i c in ; B . : . \ . 

^i^^ Omitting 

concentrations of arit ; 
^ ; • wi t hdu t 1 imitation , neomycin , ^ penicill in , 

20 gentamicin , and Ampho t eric in uB : 

Iri: an- altera 
according to the me t hods ;of;;;':Steps^ 
I; : secjiierit i ally processed; through steps B^E a second time 

in an alternative 
25 accbfdirig to the me t hods o f steps A r F above may be 

alte fna tiye enUDodi merit, ; t tie structure s : ■ p repared as in 

■■■■■ ; ^ and : -f ixed^ih glutaraldehyde for implantation . In a : still: 
30 further embodiment , the structures prepared as described ; 
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in steps A- F above may be inoculated with allogeneic or 
autologous cells in vitro prior to implantation. Cell 
types used for in vitro inoculation can include, without 
limitation, dermal fibroblasts, cardiac fibroblasts, 
myofibroblasts, smooth muscle ceils, and autologous 
endothelial cells and fibroblasts derived from host - -vK 
tissues including, fat and peripheral vein . 

The present invention provides a method for 
preparing a decellularized tissue, implant, such as : 
heart valve, which allows for the re introduction of,' ; 
viable cells either by ingrowth from the host or by pre-f 
colonizing with cell lines derived for this purpose V from 
the host or from immundtblerable sources such as human ' 
derm ^ 1 fibroblasts. . The invention provides a novel :v V --' 
; enzyme-based protocol that provides high" selectivitylof 
action on cell membranes and membrane matrix attachment, 
leaving a substantially intact collagen- and elastin- ; 
containing substrate as determined by . histological ' .I 
assessment as shown in Figures 2 and 3 . • 

. As applied to heart valves, the present . invention, 
unlike existing detergent-based processes , removes : cells 
not, only in the leaflet but also in the root and adjacent 
aortic wall which is tQ be directly apposed I to the: -host 
valve structure during surgical /implantation . Barriers . ; 
tp. v ;the: ingress of host cells arev removed ; .. facilitating ; " 
" the : : : ciri ^ ic ¥ 1 y important long-term remodeling .process;^ 
; :: .-/^ Qreover 'A : t he; invention^re;suit^ 

.. : : ' ® t in " ; cont a in ing ;matrix--th^t;;:can ; ' [ be'; colonized in vi^ro^" 
by endothel ial > ;f ibrpblas b i;or V b cell types-'ptior'-^^/v.^ 
3 0 • implantation. ' ; 

v : ' : v : i The / inyent ibri wtol^g ;;fUfther' : ;un^erstppd' with/>v:Ci 
. /:?^ e ? enc * : ^ 

: which P u rely exemplar^laM should :npt be t^ken : is Wk 
limiting the true scope of the present -invention as- : : 
35. described.in the claims. : 



20 



25 
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EXAMPLE 1 

Phospholioase Plus Protease Protocol 
At the slaughterhouse, adult pigs were sacrificed 
and the hearts immediately removed and stored on ice — 
5 until ready for use (about 4-8 hr later) . In all of the 
EXAMPLES disclosed herein, aseptic techniques, laminar 
flow hoods for tissue and cell culture , and sterile 
solutions and containers were used to prepare the sterile 
cell-free tissue . Sources of reagents given below were^;^ ; : 
10 used throughout the Example^ . Procedures were a s f O iidws : : 

1 ; : The aortic valve Wa^ iremoved from each heart and:; 
rinsed Extensively in iisbtbnic saline (0 . 9% Na C i ; ip h ^ . 
dei^ a 1Q0 U/mi;^^^;"^^; 

: V penicili^ solution ( G ibc p BI^ > 

15 hereinafter M and 1 /xM Pi^F 

( Si^a ■ P-^^26 :/ p 
•• :'- : t:<^ j ust p^ior tp u limited' 1 / : - 

; : duration of activity: ; : ; 

2 ; The- ■ valve a;-: v^erei ; transf ^erred ;t67a: 1 ..0 -.liter.^ 
20 sterile ; scfew xapped; container; and inciib^ a ; : y 

... hypo ton i c spliit ion cons i s t ing o f 1 0 mM TRIS pH: : ; 8:/p.^^|Ul^ 
: ' Pur e , AGS graded £ or : ce 11 cult tir e ; ; - Gibco Ili310-6i6 : mii'\^:;C'. } y:-: 
•equivaieh equivalent) ; 

suppleme^ peniciliin - 100 jig/ml : : ;V 

25 streptomycin 

'. equiyalent ) and 1 juM PMS F;j| The dncubat ion ;peripd : ';was^ 
■ hours y a £" • ; 4 ° C ■ ; on: [ a : : s hale i rig; platform ; 110 "?Tpro ■ 

six val ves were ; incubated "in 90 ml /valve of the so lu t ionv^ A ^ • 
( 270 -i4 0 ml total ) . The; sperit : - £^ was exc hanged f or V 

30 f ires h so 1 u t i on two t ime s • dur irig v the i ncuba t ion peripd^ : ^ 
v v for a . total . of -three volume c hanges . 

3 At the end bf ; the iricubatipri period t he solution 
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was decanted and replaced with a hypertonic solution 
consisting of 50 mM TRIS, 10 mM EDTA, 1.0 N NaCl, pH 8.0/ 
supplemented with a 100 U/ml penicillin - 100 /zg/ml : / \ / 
streptomycin solution , 0 .1 mM BHA and 1 jzM PMSF . The 
valves were incubated in this solution for 22 hours 1 , at 
4»C> on a shaking platform,: 110 rpm. : The spent solution 1 
was exchanged for fresh solution two times during the 
incubation period, for a total of three volume changes 



v*.;- 4 '-; : . : The valves were transferred to sterile 1 . 0 liter 
\- 9 capped containers containing about 500 ml Hank' s balanced 
; sa lt; solution (HBSS) , with I' mM da?*,.| 1 mM Mg 2 \ and If) 'mM 
, IIEPES, pH 7.4 : (Sigma H-3375 . or equivalent) . ; The valves ri: 
^ere: washed for ; 1 5 inin at '■•fo6#. temperature; , on .W:,shaking^ 
: : ; P r ^ f 0?m > 110 • ^e spent : solution decanted arid ; v 
: ; 115 ;'. : ^ sil ; s^^tiori ' -was-' added ^t^thfj^tt airiers ;^Vtb* tf?' 

: . P5 ocedure was repeated for a total : of Vthire^' 

Zi:: ■.■was^e?., The tissue was then inci^ate^ in fresh : solution 

kl-:^'^j^ ixl '- at 'M°Ri W * a 9i t:a t : icjn;, : on ^shaking- '.[.)-;- : 
:: : :.:'.' ; :pl : attormvr ;110 rpm ; ; • • 



20 



T: ;T he v^ iv eS: were^transfe^ alWmaller, '•-steriie:^ 

capped .vessel containing ; a solution consisting; of 
T. 3 -? h ?* i ^ se A 2 : (5 : U/ml) • { Sigma P-9 2 79 or equivalent^ ;Wr 

phosphoiipase C (2.5 U/ml) (Sigma P- 763 3 or equivalent) , 
.; .. Phosphoiipase D (10 U/ml) (Sigma P-802 3 or equivalent), 

: } . (83.3 /xg/ml) ^ CSigma R-5125 or. equivalent ) arid trypsin U> 

(500 U/ml) : (Sigma T^8642 ) in^BSS^ (with i mM Ca^ ; l ^ : ; ( 
; Mg 2 % supplemented with 10 -HEPES, pH 7 ,4 , : a 100 -U/nii 
" : \ p ^" iciiiin " iOO; /xg/ml streptomycin solution ,10 6 //g/mlV ; ; 
30 neomycin (Gibco 15310-014 or ecriiivalent) • ^ 50 /xg/ml ! 
• :. '[ gent^iKlcin (Gibco ■ 15710-015 6r^ equivalent)-; and 0.625 : : "■ 
, : ^g/mlv : amphotericin B (Fungizone) (Gibco 15295-017. or : :;i ' ;:: . : r :: 3 
equivalent ) . : Two to four Vaives' were . incubated in a 400 w 
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or 600 ml container with 80 ml solution/valve, for a 
total of 160-320 ml of solution. The valves were 
incubated for 3 hours, at 37°C, with agitation on a 
shaking platform, 110 rpm. 

5 6 . , The tissue was transferred to a 1 . 0 liter , screw 
capped vessel and washed with a ; solution consisting of 
HBSS> without Ca 24 or Mg 2+ > and with a 100 U/ml pen i c i 1 1 i n 
r- 100 /i/ml streptomycin solution/ 10 mM HEPES pH 7.4, 10 
. tiriM EDTA ; 1 /xM PMSF and 0.2 mM BHA, pH 7 .4 . Three to •six:;. ;, 
10 valve s were t rans f erred into each container with wash ; ; :: y, 
: solution, 90 ml/valve : The tissue was then washed for 15- 
miri.at .rooin : teinperature:, with agitation on a shaking 
; pla^ The washing : prbcedur^y -\w^:; ;; repea^e^;- : 

for a total of three washes . •". 



15 7 . I the solution was decanted and steps 3 to 6 were 

■ r€ 



At the end 



of the final washing : procedure ;'; in; step ; 
7 , the spent solution was decanted and the valves placed 
in a solution contain^ : Ca 2r ^ : a^nd Mg 2V , .: with V 

20 lOmM HEPES ,pH 7.4, a 100 U/ml . penicillin - 100 1'jE^ml^v 
• : : ; streptomycin: splut ibn , 0 ..lmM : Bim an^v '/PY. 
v:,washirig^prpce^ 

: w^shek.. the spent solution was decanted^ 
' . . idded: and th^ tissue was stored at 4 °C ii^til; ready : ,f pr;:,,:: : - 



V'.:;- So 1 ubl e ; pro t e in o f the valves as prepared above 
was determined with a cold water extraction ^ 
Cold water extractable protein contains;; .globuiar.--- , ; 
: intracellular proteins and so-called soluble, collageh^-:-^ 
30; the latter const i tuting a small percentage of the total 
valve "structural" proteins comprising collagen and 



WO 96/32905 



PCT/US96/05592 



- 19 - 

elastin. The following methods, using standard organic 
chemistry methodologies, were used to determine soluble 
protein content of the leaflets, 

Water loss on drying and dry weight were 
5 determined by (1) weighing this wet tissue, (2) drying in 
a 110° C oven to a constant (dry) weight, arid (3) \ 
subtracting dry weight fromwet .weight Dry weight Was 
used as the denominator for all other measurements? 
Percent water loss ori drying allows conversion f rom wet • 
10 weight to dry weight 

Freshly decellularized leaflets were frozen in; 
1 iquid nit rogen and ground to a fine powder ■ in a .pte'-Y": 

pre - weighed mort ar and pes t le . The powder was^^-v^ : 
: : transferred to,a- d thaw for id^p 

^ 5 -: min * ...* he and ground valves were weighed ; arid ;; t h^ 1 • 
: ^ ( wet ) weight of the valve : tissue Vdetermined by ; 
subtracting the weight • of the mortar arid pestle f rom 'the^ .j^ 
total weight . : ; 

<?^oy^4 ; (^arit i t a t i t ransf birred-. ■ to!: 

20:: rinsed plastic-^ 

h P er gram of tissue . ; , was homogenized on: ]ice 

:•: fb r 1 min; with an Ultra-Turrax 
r. : hprn<D ?^ lia i t e ** s: ^ ^ n t xi f uged for 10 ; rhinv : :: ';at :: v' ; : : ';vv;. : ' 

.--^ temperature at low^ys^ vX : g) : ; 

25 : ; Pellet ; insplubl supematan^^: V 

• ! decarit :^ d[ ■*^.^*r!i=>J;^ ^=-v^iui^ t^±c : -'^lask:^:- The pellet ^Wa/^V:^^;"^' 
:• s ^ject:ed^ ^ 

centrif ugatiion ; the re sul t ing supe fna t ant was added tp^ - : 
j the : f irst . supernatant ; :; Thie ;^ ' underwent a . ' 

30 ; tliird cycle : of cehtrif ugatibri; with'^ 

all . supern^tarits^^^c flask. The 

. combined supernatant s were b^ to a reference volume^. • 

; ::..with water- (25 ml Or : 50 : ihl depending; on . the amount of '''-'^i 
starting material), aliqupted and frozen pending further 
35 analysis ... The Lowry : pr perf ormed on the 
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extract to determine protein content, using a 
commercially available kit (Sigma Diagnostics Protein 
Assay Kit, Cat . No . P5656) . 

The soluble protein content of the matrix produced 
5 from a porcine valve leaf let through the methods as set 
out above was 0.8% of the dry weight of the leaflet. In 
contrast, soluble protein accounted for 11.4% of the dry 
: weight of an intact poircine valve leaflet ; 

■ : EXAMPLE 2 

10 Phospholioase Without : Protease Protocol 

At the slaughterhouse, adult pigs were sacrificed: 
' - : /vand the hearts were stored on ice 

V : until ready for use ( about 4 - 8 hr later) . 

' The aortic valve was removed from each heart and ; 
v"::: ::: 15 rinsed extensively • in isotonic : saline (0 . 9% NaCl • in-;. 

de ionized, di s t i 1 1 e d wat er) supp 1 emisn t e d with 1 jiM PMSF p 
and a 100 • U/ml peni c i 1 1 i n : 10 0 ;: /ig/ml streptomycin 
solution: ' When ; us ed , PMS F is added to the solution just ;;;^;'-': 
.... : .prior to use ;idue-jtpj-d"ts= limited activity : 

20 2 . ' " The valves '■ we re trans f erred it b a 1.0 • liter, : 
; sterile ^ screw capped cont ay:Y: 
v: : : hypotonic solvit ibriW consist ing of -1Q : v mty ; . TRIS , 5 mM EpTA, ppp: 
pH 8 . 0 ; supplemented: . w -:.10D.\ : y£££ . . 

. /xg/ml streptpmyciii : sblutio mM BHA and 1 ^^'mSF'-ppy^r-:- 

25 The. incubation ^period was for 22 hours ,:■ at'-4 :0 G, : : on;';apJ';}'p 
■ ": \ shaking; platform;^ 

iricubated in 270 -540 ml of : t splut ion ( i : . e , , 90 . 
^ ^ was^exchanged..;with^ 
solution 3 times during the ; incubation; per 



3 0 3 . : - : At : t he : end of \ the . iricubat ion £eribd the solution : 
was decanted and replaced with a hypertonic solution ; : 
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consisting of 50 mM TRIS, 10 mM EDTA, 1.0 N NaCl , pH 8.0, 
supplemented with a 100 U/ml penicillin - 100 /xg/ml 
streptomycin solution, 0.1 mM BHA and 1 /xM PMSF . The 
valves were incubated in this solution for 22 hours , at 
4°G, on a shaking platform, 110 rpm. The spent solution 
was exchanged with fresh solution 3 times during the 
incubation period. 



;;;j.,;4;, . The valves were transferred to sterile -1.0 liter : 
: j capped : containers containing 90 ml /valve df r^S:-. with^imM 
*9 Ca'V lrtlM M 3 3 \ and lOitiM HEPES pH .7.4 . ' ' The-: Waives" were 
V:::; washed for;: 15; minutes^; at; room temperature; : : :6n : VaV : : s'ha^ihg/- 
M^r^^^': 1X 9 rpm • ; "?^ e solution was decanted;;; fresh C 
r MM^^ ipii: ' added and *M washing procedure; repeated: f or • I v v .S 
total of three 15 -minute washes . 

f 5 ■■' ■ rj ^ : < The last wash solution was decanted and the valves 
were then incubated for -30 minutes at ' 37 : ° : C in ; a fourth 
volume of the same wash solution, . on : ^ shakihg^pl|tf orm, ^ 

';': 110 rpm. ' •'••;•• •;../.* .. : .* v •V : v ::: ....' ; - . 



20 capped .vessel: containing ' ay solution : cohsi^ngV^r''^ 

i!?^ (8 W ^?^P' •in;^^S.-: : ;jwith/l^hiM^ Ca^M^^-a 
|f JjJ^ff^ - ?* ; ; 7 ;- 4 } . su PP iem ented-^ 

V # ' V ^ 9 : >*5F/nii gentamicin , ;i06.;^g/ml^ 
. ; : tJ/rril penicillin - • 100 ; fig/ml streptomycin ; :: sbiiit ; ie;n'r -T^b; - ^ 

to f our valves were incubated in a 400 or 600 ml 
: M container with 160.320 ml of solution, e.g. 80 ml per 

; Val Y? : The valves were inciabated for 3 hr,. : - 3¥%^ith: ■ 
3 °; agitation on a shaking platform, 11 0 rpm. " •1'.-: 



6 ^ ; : At .~ the ena °f t] ^e incubation period the valves 
;were; transferred to avl : 0 liter> sterile, screw capped" 
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container and washed for 15 minutes, at room temperature, 
on a shaking platform, 110 rpm, in HBSS without Ca 2< or 
Mg a \ with 10 mM HEPES, pH 7.4, lOmM EDTA, supplemented 
with a 100 U/ml penicillin - 100 ng/xol streptomycin 
solution, 0.2 mM BHA and 1 MM PMSF. Three to six valves 
were washed in 90 ml /valve of the solution, or 270-540 ml 
total. The solution was decanted, fresh solution was 
added and the washing repeated for a total of three 
washes , 



10 7. The solution was decanted and steps 3 to 6 

repeated. 

8. Upon completion of the incubation period the 

solution was decanted and replaced with HBSS (without 
Ca 4 */ Mg 2 *, and with 10 mM HEPES,; pH 7 .4) supplemented with 
15 a 100 U/ml penicillin - 100 /ig/ml streptomycin solution, 
,5 o.l mM BHA and 1 (M PMSF . The tissue, was rinsed once 

with this solution and stored in the same solution at 4°C 
until ready for use. 

EXAMPLE 3 ■ 
20 Cryopr'e s erva t i on . 

At the slaughterhouse, adult pigs were sacrificed 
and the hearts were immediately removed and stored on ice 
until ready for use (-4-8 hr later). 

The aortic valve was removed from each heart and 
25 rinsed extensively in isotonic saline (0.9% NaCl in 

deionized, distilled water) supplemented with l^M PMSF, 
and a 100 U/ml penicillin - 100 fig/ml streptomycin 
solution. PMSF was added to the solution just prior to 
use due to its limited activity. The valves were placed 
30 in a screw capped freezing vessel containing 

cryoprotectant and store at -20°C until ready for use 
(three valves per about 50 ml solution) . The 
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cryoprotectant consisted of Dulbecco's Minimal Essential 
Medium (MEM), 10% dimethylsulf oxide (DMSO) and 10% fetal 
bovine serum (FBS) . • 

At the time of cell removal, the frozen valves 
5 were quickly thawed in a 37*C water bath, transferred to 
a 1.0 liter, sterile, screw capped container and 
incubated in a solution consisting of 10 mM TRIS, 5 mM 
EDTA, pH 8.0, supplemented with a 100 U/ml penicillin - 
100 Mg/ml streptomycin solution, 100 fig/ml neomycin, 0.1 

io mM BHA and 1 /xM PMSF. The incubation periods was for 72 
h, at 4°C, on a shaking platform, 110 rpm. Three -six 
valves were incubated in 250-500 ml of the solution. The 
spent solution was exchanged with fresh solution 1-3 
times during each 24 hr period of the incubation period. 

15 The procedure was then continued as described in 

Example 2, above. 

EXAMPLE 4 
Recellu larization 
Human arterial endothelial cells (HAECs) from a 
20 37-year-old male donor at passage 4 were obtained from 
Clonetics, San Diego, CA (Clonetics Cat. No. HCA CE 
2793 } ; HAEC were cultured and passaged as recommended, 
using media supplied by Clonetics. Cultures were grown 
to 80% confluence before experimental manipulations. 
25 When sufficient cells were obtained by expansion, 

cultures were harvested by trypsinization and resuspended 
in endothelial cell (EC) culture medium at 10 7 cells/ml. 
The EC culture medium was obtained from Clonetics 
(Clonetics Cat. No. CC-3024) and consisted of MCDB131 
10 medium, slightly modified from Knedler et al., In Vitro 
Cell and Develop. Biol. 23: 481-91. 

Neonatal rat cardiac fibroblasts (NMC) were 
isolated and cultured as described in Bishopric et al., 
Proc. Natl. Acad. Sci . USA 88: 2132-36 (1991), and 
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Webster et al., J. Biol. Chem. 268: 16852-59 (1993). 
Briefly, hearts from 30 to 40 pups were minced and 
subjected to serial trypsin digestion to release single 
cells. After the final digestion the cells were washed 
5 and plated for 30 minutes in MEM with 5% fetal bovine 
serum. The cells that attached during this step were 
approximately 95% fibroblasts and 5% smooth muscle cells 
as determined by actin staining. Cells were passaged 
once before use, which was sufficient to eliminate a 
10 relatively small number of contaminating cardiac 
myocytes. When sufficient cells were obtained by 
expansion, cultures were harvested by trypsinization and 
resuspended in MEM with 5% fetal bovine serum (FCS) at 10 7 
cells/ml. 

15 valve leaflets were prepared from fresh porcine 

aortic valves and subjected to decellularization by 
enzymatic digestion with the phospholipase mixture as 
described in Example 2, above. Additional leaflets were 
prepared using the phospholipase plus trypsin procedure 

20 as described in Example 1, above. All leaflets were 
sterilized after cell extraction by exposure to a total 
of 25 Kgray gamma -irradiation from a cesium source. 
Following irradiation, leaflets were equilibrated with 
cell culture media by overnight incubation at 4°C. On 

25 the following day leaflets were transferred to individual 
60 mm tissue culture dishes with fresh media, and 
incubated for an additional 24 hours at 37 °C in a 
humidified 5% C0 2 incubator. 

At the end of leaflet pre -incubation, aliquots of 

30 cell suspensions containing 5 x 10 s cells (either HAEC or 
NMC) were layered onto the upper surface of each leaflet. 
The cells and leaflets were transferred back into the 
incubator and the cells were allowed to attach without 
agitation overnight. On the following day media was 
35 changed and cell spreading and growth allowed to continue 
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for an additional two to five days. Representative 
leaflets were examined at the level of the light and 
transmission electron microscope. 

Results are shown in Figures 1-7. Figure 1 shows 
: 5 a normal, untreated porcine aortic valve leaflet. Fresh 
tissue was harvested and immediately placed in Bouin's 
fixative, followed by embedding in paraffin and 
sectioning. The section shown in Figure 1 was stained 
with Movat's pentachrome. In this black and white print, 
10 elastin and cell nuclei appear black and collagen fibers 
: . appear grey. Numerous cells (dark dots) can be observed 
evenly distributed throughout the thickness of the 
leaflet. 

Figure 2 shows a porcine aortic valve leaflet 
15 prepared from fresh aortic valves and subject to 
decellularization as described above in Example 2 . 
Tissue was fixed in 4% paraformaldehyde. The tissue was 
: v then embedded in paraffin, sectioned and stained with 
Movat's pentachrome exactly as in Figure 1. The surface 
20 and interior of the leaflet are substantially devoid of 
intact cells, and collagen and elastin remain abundant. 

Figure 3 shows a porcine valve leaflet prepared 
according to the methods of Example 2, above, fixed and 
stained with Verhoef f -Van Giesen stain. As with the 
25 Moyat stain in Figs 1 and 2, cell nuclei and elastin are 
visible as black elements against the collagen- containing 
grey background. Elastin can be seen along the left 
margin of the tissue. Figure 3 shows extensive 
decellularization of the fibrous annulus of the aortic 
0 root (R) adjacent to the region of insertion of the 

leaflet (L) . Dark spots within the adjacent muscle shelf 
(M) represent remnants of cells. 

Figure 4 shows attachment of human arterial 
endothelial cells to valve leaflets extracted using the 
5 phospholipase-based method of Example 2. Human arterial 
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endothelial cells were cultured as described above 
(Example 4) in the presence of a sterilized, 
decellularized porcine aortic valve leaflet for two days. 
The tissue, was fixed, embedded in paraffin, sectioned, 
.5 and stained with Gill' s hematoxylin, which stains cell 
nuclei intensely. Figure 4 clearly shows numerous dark- 
staining cell nuclei at the surface of the leaflet 
(arrows), indicating attachment of endothelial cells. 
Note the comparable appearance of cells on the surface of 

10 the normal valve leaflet (Figure 1) . This may be 

contrasted with the absence of cells on the surface of 
the leaflet shown in Figures 2 and 3. 

See also Figure 5, which. is a higher-magnification 
view of a 1 micron plastic-embedded section of another 

15 leaflet prepared as in Example 2. The attachment of 

endothelial cells to the elastin- and collagen- containing 
matrix is apparent. Arrows in Figure 5 indicate nuclei 
of attached endothelial cells. 

Figures 6 and 7 are electron micrographs of rat 

20 cardiac fibroblasts seeded onto leaflets decellularized 
according to the methods of the present invention. The 
micrographs demonstrate the ability of the seeded cells 
to attach and spread. Rat cardiac fibroblasts were 
cultured as described above (Example 4) and allowed to 

25 seed the surface of a sterilized, decellularized porcine 
aortic valve leaflet prepared as in Example 1, above. 
After 5 days the tissue was fixed and prepared for 
transmission electron microscopy. 

Figure 6 shows part of a fibroblast that has 

30 attached to and spread on the collagen- and elast in- 
containing (el) matrix. Figure 7 shows the fibroblast of 
Figure 6, at higher magnification. Note the presence of 
clusters of rough endoplasmic reticulum (rer) and 
mitochondria (mi) , demonstrating the health and metabolic 

35 activity of the cell. 
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The results of the light and electron 'microscopy 
, ^alyses demonstrate that rat cardiac f ibroblasts and 
Y : :Y -Y human arterial endothelial cells are capable of attaching 
•. and spreading on a vascular structure decellularized 
5 : . .according to the methods of the present invention. The 
cells. appear viable with . ultrastructure indicative of an 
active cellular metabolism. 
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We. claim: ... 

: 1. : : A method of decellularizing a body tissue to form 
;;an extracellular matrix having substantially intact 
collagen and e las tin components, said matrix being 
5 adapted for recellularization in vitro or in vivo, 

comprising subjecting said body tissue to a 
:-. hypotonic/hypertonic treatment , then treating said body 
tissue with an enzyme -based solution comprising lipase 
and deoxyribonuciease. 

10 2. The method of claim 1, wherein said body tissue is 

■ a vascular tissue . 

3. The method of claim 2, wherein said vascular ; 

tissue comprises a heart valve. 

.4. The method of claim 1, wherein said enzyme -based 

15 solution further comprises protease. 

5. The method of claim 4 , wherein said protease 
comprises trypsin. 

6. The method of claim 1> wherein said lipase 
comprises phospholipase . 

20 7. The method of claim 6, wherein said phospholipase 

comprises one or more phospholipases selected from the 
group consisting of phospholipase A 2 , phospholipase C f and 
phospholipase D. 

8. The method of claim 1, wherein said enzyme -based 

25 solution further comprises ribonuclease . 
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: : .9. The method of claim 6, wherein said enzyme -treated 

body tissue is rinsed and stored in a buffered salt 
solution lacking calcium and magnesium. 

10. The method of claim 9, wherein said 

■ 5 hypotonic/hypertonic treatment and said buffered salt 
solution include an antioxidant. 

11. A method of recellularizing a bioprosthetic implant, 
comprising contacting the extracellular matrix of claim 1 
■with cells, and maintaining said cells and said 

10 extracellular matrix together jln vitro. 

12. A bioprosthetic implant comprising an 
extracellular matrix having substantially intact collagen 
and elastin components, said matrix formed by subjecting 
a body tissue to a hypotonic/hypertonic treatment and 

15 then treating said body tissue with an enzyme-based 
solution comprising lipase and deoxyribonuclease . 

13. The bioprosthetic implant of claim 12, wherein 
said body tissue is a vascular tissue. 

.14. The bioprosthetic implant of claim 12, wherein 
0 said vascular tissue comprises a heart valve. 

15. The bioprosthetic implant of claim 12, wherein 
said enzyme solution further comprises protease. 

16. The bioprosthetic implant of claim 15, wherein 
said protease comprises trypsin. 

5 17. The bioprosthetic implant of claim 12, wherein 
said lipase comprises phospholipase . 
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18. The bioprosthetic implant of claim 17, wherein 
said phospholipase comprises one or more phospholipases 
selected from the group consisting of phospholipase Aj, 
phospholipase C, and phospholipase D. 

5 19. The bioprpsthetic implant of claim 12, wherein said 
enzyme-based solution further comprises ribonuclease . 

20 . The bioprosthetic implant of claim 12 , wherein 
said extracellular matrix comprises living cells added to 
said matrix following said enzyme treatment. 

10 21. The bioprosthetic implant of claim 14, wherein 
said heart valve comprises an ascending aortic wall and 
root; and wherein said ascending aortic wall and root are 
operatively decellularized following said enzyme 
treatment . 
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